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Despite the importance of Narcissus to ornamental horticul-
ture, there have been no population genetic studies of wild
species, many of which have narrow distributions. Here, we
measure selfing rates and levels of genetic diversity at
allozyme loci in six populations of Narcissus longispathus, a
self-compatible daffodil endemic to a few mountain ranges in
southeastern Spain. The populations were distributed among
four distinct river valleys encompassing two main watersheds
in the Sierra de Cazorla mountains. Selfing rates averaged
0.37 (range 0.23–0.46), resulting in significant inbreeding
coefficients for the progeny (f¼ 0.324). In contrast, estimates
of inbreeding in parental genotypes were not significantly
different from zero (f¼ 0.001), indicating that few selfed
offspring survive to maturity because of inbreeding depres-
sion. Species-wide estimates of genetic diversity for the
six populations were Ps¼ 0.38, Hes¼ 0.119 and As¼ 1.27
with significant genetic differentiation among populations
y¼ 0.15. The observed patterns of genetic differentiation
among populations are likely influenced by the mating
system, and a combination of local topography, watershed
affinities and gene flow.
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Introduction
Mating patterns in flowering plants are governed by
complex interactions between reproductive traits and the
ecology of populations (Lloyd, 1980; Holsinger, 1996;
Barrett and Pannell, 1999). An important component of
mating is the amount of self-fertilization that a popula-
tion experiences. This is because selfing has direct
genetic consequences, including its effect on the intensity
of inbreeding depression (Charlesworth and Charles-
worth, 1987) and the partitioning of genetic diversity
within and among populations (Hamrick and Godt,
1989). In animal-pollinated species, pollen dispersal and
levels of selfing may be influenced by the environmental
conditions during flowering. Species that bloom in early
spring when unfavourable weather conditions often
prevail are susceptible to unpredictable pollinator
service. Probably as a response to uncertain pollination
environments many early blooming herbs possess floral
traits, such as extended floral longevities and self-
compatibility, which reduce the likelihood of reproduc-
tive failure (Schemske et al, 1978; Barrett and Helenurm,
1987; Herrera, 1995). However, self-compatible species
with long floral lifespans may be vulnerable to unpre-
dictable pollinator service, which can potentially result in
increased self-fertilization.
The spatial distribution, size and abundance of
populations might also be expected to influence mating
patterns in animal-pollinated plants. Spatial isolation and
small population size generally act to reduce the
frequency of pollinator visitation (A˚gren, 1996), resulting
in the potential for increased selfing and local inbreeding.
Under these demographic conditions, the selection of
self-compatibility through the breakdown of self-incom-
patibility may be favoured as a means of reproductive
assurance (Lloyd, 1980; Piper et al, 1986). This is likely to
occur under low-density conditions if populations con-
sistently receive insufficient pollinator service to maintain
fertility (Kunin, 1992). Indeed, the reported association
between self-compatibility and plant rarity may reflect, in
part, the mating constraints that spatial isolation presents
for animal-pollinated plants with restricted distributions
(Kunin and Shmida, 1997, but see Karron, 1987).
Narcissus longispathus Pugsley (Amaryllidaceae) is a
bee-pollinated, perennial herb endemic to a few moun-
tain ranges in southeastern Spain (Moreno Saiz and Sainz
Ollero, 1992). It is related to the widely distributed,
highly polymorphic, self-incompatible N. pseudonarcissus;
the most commonly cultivated trumpet daffodil of
horticulture. In a study of the floral biology of N.
longispathus in the Sierra de Cazorla mountains, Herrera
(1995) demonstrated that N. longispathus is self-compa-
tible producing equivalent amounts of seed following
experimental self- and cross-pollinations. This contrasts
with other species in the genus most of which are
moderately to strongly self-sterile (reviewed in Barrett
et al, 1996; Sage et al, 1999). In the Sierra de Cazorla
mountains, N. longispathus is represented by scattered
populations confined to stream margins or poorly
drained meadow fragments at 1000–1500 m. Flowering
occurs from late February to mid-April, a period
characterized by cool, rainy weather that frequently
limits the activity of the species’ main pollinator (Andrena
bicolor, Andrenidae). Despite low pollinator visitation,
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most flowers of N. longispathus are pollinated. Using
controlled crosses, Herrera (1995) demonstrated weak
pollen limitation of fruit set, but no evidence that
insufficient pollen delivery limits seed set per fruit. To
what extent self-fertilization contributes towards the
maintenance of female fertility in N. longispathus is not
known. To address this issue, we investigated the mating
system of this species.
There have been no studies of the population genetics
of wild daffodil species to evaluate levels of diversity. As
N. longispathus is a rare endemic closely related to several
cultivated species, we were interested in investigating the
amounts of genetic diversity within and among popula-
tions. Such information may be of value for future efforts
for the conservation of gene pools of close relatives of
cultivated daffodils. Populations of N. longispathus in the
Sierra de Cazorla mountains are distributed among
several distinct watersheds and river valleys. Therefore,
we were also interested in examining how geographical
isolation and watershed membership might influence
their genetic relationships.
Here, we address several questions concerning the
mating system and population genetic structure of
N. longispathus: (1) What rates of self-fertilization occur
in populations and are these influenced by population
size? (2) Is there evidence of selection against selfed
offspring during growth and reproduction due to
inbreeding depression? (3) What are the levels of genetic
diversity in populations and does their spatial distribu-
tion influence genetic relationships? These questions
were addressed by sampling seed families from six
populations in the Sierra de Cazorla mountains and
investigating polymorphism at allozyme loci.
Materials and methods
Sampling and electrophoresis
We randomly sampled open-pollinated capsules at
maturity from six populations of N. longispathus during
May–June 1990. The location of populations is mapped
in Figure 1 and details of population size and sample
sizes for families used in the genetic analyses are
provided in Tables 1 and 3. Size of populations was
estimated as the number of spatially distinct clumps of
ramets. The six populations were distributed among four
distinct river valleys encompassing two main water-
sheds. The Cuevas Bermejas (CB) population is isolated
from the remaining populations and is located on a
separate watershed (Guadalquivir River). The remaining
five populations are distributed among three river
valleys within a single watershed (Guadalentı´n River).
Most populations were small but populations Gu-C and
Gu-D were two distinct nuclei, about 200 m apart,
located on opposite banks of the Gualay River, and
belonged to a large and more or less continuous
population of B5000 plants. Data on fluorescent dye
movement revealed no dispersal between riverbanks or
in excess of 100 m (CM Herrera, unpublished data), so in
this study we considered these two nuclei as separate
populations.
We assayed a total of 932 seeds for allozyme variation
using electrophoretic techniques. Seeds were ground in
0.02 M Na2HPO4 buffer (pH 7.4) containing DL-dithio-
threitol (1 mg/ml). Extracts were adsorbed onto chromato-
graphy-paper wicks (Whatman 3 mm), and placed
directly onto 11–12% starch gels. Enzymes were resolved
on two buffer systems: aspartate amino transferase,
alcohol dehydrogenase, adeline kinase (AK), fructose-
bisphosphate aldolase, diaphorase, glutamate dehydro-
genase, cytosol aminopeptidase, menadione reductase and
triose phosphate isomerase, on lithium borate (pH 8.3);
and aconitase, acid phosphotase (ACP), creatine kinase,
fumarate hydratase, glycerol-3-phosphare dehydrogenase,
isocitric dehydrogenase, malate dehydrogenase, per-
oxidase (PER), phosphoglucose dehydrogenase (6PGD),
phosphoglucose isomerase, shikimic dehydrogenase on
histidine citrate (pH 6.5). Gels were stained for enzyme
activity following recipes in Wendel and Weeden (1991).
Genotypes at 42 putative allozyme loci were inferred
based on segregation patterns characteristic of either
dimeric or monomeric codominant enzymes. We used all
loci with a minimum of 20 individuals scored per
population to estimate proportion of polymorphic loci
(P) including three additional loci (ACP-1, AK-1, AK-2)
that were variable but not consistently scoreable. Of the
14 polymorphic loci, PER-3 had a null allele and 6PGD
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Figure 1 Geographical distribution of six populations of N.
longispathus sampled from the Sierra de Cazorla mountains, SE
Spain. Arrows indicate the direction of flow of water along river
valleys.
Table 1 Populations of N. longispathus in the Sierra de Cazorla
mountains, SE Spain, which were investigated in this study
Code Population Population size, n Plants sampled
CB Cuevas Bermejas 40 14
Gu-C Tornillos de Gualay-C 300 12
Gu-D Tornillos de Gualay-D 300 15
Vc Valdecuevas 600 15
Vt-1 Valdetrillos-1 250 15
Vt-2 Valdetrillos-2 150 15
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had two overlapping loci and were therefore dropped
from further analysis.
Estimates of the mating system and inbreeding
For each population, we estimated single- and multilocus
selfing rates (SS and SM, respectively) and the parental
inbreeding coefficient (f) using the computer program
MLTR (version 0.9. Ritland, 1990a). Selfing rates in each
population were based on polymorphism at seven
allozyme loci. Standard errors of the selfing rate
estimates were derived from the standard deviation of
1000 bootstrap values, using the seed family as the unit
of resampling. Expectation maximization was used to
find maximum-likelihood estimates of all mating system
parameters because some families had missing data. We
examined the intensity of biparental inbreeding within
each population by determining the difference between
the mean of single- and multilocus estimates of selfing
[(SSSM)/(1SM)], see Waller and Knight (1989). In-
breeding depression (d¼ 1–fitness of selfed progeny/
fitness of outcrossed progeny) for survival from seed to
reproductive maturity was calculated for each popula-
tion by substituting the estimates of multilocus selfing
rate (SM) and parental inbreeding coefficient (f) into
Ritland’s (1990b) equilibrium estimator of inbreeding:
d^ ¼ 1  2 ðð1  S^Þ^fÞ
ðS^ð1  f^ÞÞ
 !
ð1Þ
This estimator allows calculation of inbreeding depres-
sion when information is available from one generation,
but requires an assumption of inbreeding equilibrium.
Standard errors for all mating system parameters were
estimated from the standard deviation of 1000 bootstrap
estimates. For tests of statistical significance, we exam-
ined the distribution of 1000 bootstrap values following
Eckert and Barrett (1994). Using this method, a one-tailed
test of a given parameter was considered to be
significantly higher than the test value if 100(1–aPC)%
of the bootstrap values were greater than the test value.
Critical P-values [aPC¼ 1(10.05)1/C] were corrected for
multiple contrasts (aPC¼ 0.00851, C¼ 6 populations)
Sida´ks (1967). We calculated biparental inbreeding and
inbreeding depression for each bootstrap estimate using
outcrossing rates and parental f from Ritland’s (1990a)
mating system program (MLTR).
Measures of genetic variation and relationships among
populations
We estimated genetic parameters for each population of
N. longispathus using the programme BIOSYS (Swofford
and Selander, 1981). These included: P, the percentage of
loci that were polymorphic (frequency of the most
common allele o0.95), He, the expected heterozygosity
or gene diversity and A, the mean number of alleles per
locus. We also calculated the equivalent species-level
parameters (Ps, percentage of loci polymorphic, Hes,
gene diversity and As, the number of alleles over all loci).
We examined hierarchical population structure using
Weir and Cockerham’s (1984) unbiased estimators of
Wright’s F-statistics (Fis, Fst and Fit denoted hereafter as f,
y, F, respectively. We used Goudet’s (1997) FSTAT
program (Ver. 3.0) to calculate these parameters and
their 95% confidence intervals (bootstrapping over loci).
We examined the relation between geographic and
genetic distance using GENEPOP version 3.3 (Raymond
and Rousset, 1995). This approach examines the relation
between ln (distance) and y/(1–y) as a measure of genetic
distance. Statistical support for isolation by distance was
calculated with a Mantel test using 5000 random
permutations.
We formulated an a priori hypothesis of genetic
similarity among populations of N. longispathus from
their spatial distribution among the river valleys and
watersheds (Figure 1). Populations in the same valley
and watershed should be most similar genetically (eg
Gu-C, Gu-D, and Vt-1, Vt-2) and those from adjacent
valleys should be more similar to one another than
populations in valleys farther apart. Populations in
different watersheds should be most divergent. We used
restricted maximum likelihood to estimate a maximum-
likelihood tree based on the gene frequencies of popula-
tions (CONTML: Phylip Ver. 3.6; Felsenstein, 2000). From
the hypothesized watershed associations, we used the
defined tree option to specify the branching topology
with a basal trifurcation, a requirement of Phylip {[Vc,
(Vt-1, Vt-2)], (Gu-C, Gu-D), CB}. We estimated branch
lengths from the maximum-likelihood fit to the gene
frequency data and used log-likelihood tests to compare
the best maximum-likelihood tree estimated from the
data with: (1) a tree constrained to have the branching
topology of the hypothesized watershed relations and (2)
a tree based on geographic distance.
Results
Mating patterns and inbreeding
We detected moderate frequencies of self-fertilization in
each of the six populations of N. longispathus (mean
SM¼ 0.37, range 0.23–0.46, Figure 2). There were sig-
nificant differences between single- and multilocus
estimates of selfing in five of the six populations
indicating the occurrence of inbreeding among out-
crossed progeny (Table 2). There was no evidence for a
relation between population size and the mean fre-
quency of self-fertilization (one-way ANOVA, F¼ 0.67,
P¼ 0.70), or biparental inbreeding (one-way ANOVA,
F¼ 1.30, P¼ 0.32). The mean inbreeding depression
among the six populations of N. longispathus was
d¼ 0.77. Inbreeding depression was significantly greater
than zero in four of the six populations sampled (Table 2).
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Figure 2 Mean multilocus selfing rates with 95% range of 1000
bootstrap estimates from six populations of N. longispathus sampled
from the Sierra de Cazorla mountains, SE Spain.
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The two populations (Vc, Vt-1) in which estimates of
inbreeding depression were not significantly different
from 0 had the lowest selfing rates and the largest
estimates of parental f.
Estimates of inbreeding indicated significant inbreed-
ing in progeny of N. longispathus (f¼ 0.365, 95%
CI¼ 0.288, 0.446) and a overall significant deficit of
heterozygotes (F¼ 0.461, 95% CI¼ 0.383, 0.539). Parallel
analysis on the inferred maternal genotypes of parents
indicated that they were not inbred (f¼ 0.001, 95%
CI¼0.120, 0.102), a result consistent with strong
selection against inbred progeny.
Measures of genetic variation
The values for proportion of loci polymorphic, number
of alleles per locus and expected heterozygosity in
populations of N. longispathus are presented in Table 3.
Values for total genetic diversity, diversity within
populations and genetic differentiation among popula-
tions were Ht¼ 0.315, Hs¼ 0.264, Gst¼ 0.165, respec-
tively. The significant genetic differentiation among
populations of N. longispathus was also revealed from
the hierarchical analysis of gene diversity, y¼ 0.150, 95%
CI¼ 0.114, 0.195.
Genetic relations among populations
There was a significant relation between the genetic
distance and geographic distance of N. longispathus
populations (Mantel test, P¼ 0.0134). However, although
populations Gu-C and Gu-D clustered together, popula-
tions Vt-1 and Vt-2 were more divergent from each other
than expected based on their geographical proximity.
Population CB, the only population in a different
watershed was relatively distant from all population
except Vt-2. A maximum-likelihood tree based on the
gene frequency data illustrates these relationships
(Figure 3). This tree was not significantly different
from trees based on the watershed affinity hypothesis
(D log likelihood¼0.9, SD¼ 1.51), and a tree generated
from geographic distances (D log likelihood¼56.0,
SD¼ 40.89).
Discussion
Our estimates of mating patterns in N. longispathus
indicated moderate levels of selfing in each of the six
populations, but we found no evidence that population
size influenced rates of selfing or biparental inbreeding.
An inverse relationship between population size and
selfing rates has been found for some self-compatible
Table 2 Estimates of multilocus and single locus selfing rates (with SE), biparental inbreeding, parental inbreeding coefficient and inbreeding
depression (d) in populations of N. longispathus from SE Spain
Population code Multilocus selfing, SM Single-locus selfing, SS Biparental inbreeding Pa F of parents d Pa, d40
CB 0.405 (0.081) 0.472 (0.085) 0.114 0.007** 0.031 (0.023) 0.906 (0.089) Po0.001
Gu-C 0.461 (0.084) 0.491 (0.089) 0.056 0.162 NS 0.351 (0.269) 1.608 (0.492) Po0.001
Gu-D 0.387 (0.082) 0.461 (0.063) 0.121 0.035* 0.015 (0.007) 0.952 (0.043) Po0.001
Vc 0.281 (0.040) 0.384 (0.048) 0.143 o0.001*** 0.132 (0.084) 0.222 (0.602) P¼ 0.208
Vt-1 0.226 (0.057) 0.316 (0.066) 0.116 0.005** 0.112 (0.072) 0.136 (2.0) P¼ 0.277
Vt-2 0.427 (0.090) 0.529 (0.087) 0.178 o0.001*** 0.005 (0.001) 0.987 (0.004) Po0.001
NS¼nonsignificant.
aP calculated as the fraction of 1000 bootstrap estimates.
Table 3 Allozyme diversity of N. longispathus populations from Sierra de Cazorla, SE Spain
Population Mean sample size per
polymorphic locus
Proportion loci
polymorphic P, N loci
Genetic diversity
He (SE), N loci
Mean number of alleles
Ap (SE), N loci
CB 127.2 0.33, 40 0.117 (0.021), 36 1.36 (0.07), 36
Gu-C 87.2 0.29, 41 0.086 (0.020), 37 1.28 (0.14), 37
Gu-D 100.3 0.28, 43 0.084 (0.018), 39 1.40 (0.13), 39
Vc 112.1 0.33, 42 0.072 (0.018), 38 1.27 (0.14), 38
Vt-1 80.4 0.35, 37 0.086 (0.021), 34 1.46 (0.13), 34
Vt-2 59.9 0.29, 34 0.091 (0.020), 33 1.32 (0.15), 33
Species level 577.8 0.38, 45 0.119 (0.014), 45 1.27 (0.07), 45
0 0.02 0.04 0.06 0.08
CB
Vt-1
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Figure 3 Genetic relationships among six populations of N.
longispathus sampled from the Sierra de Cazorla mountains, SE
Spain, based on the maximum-likelihood fit to the gene frequency
data. Log likelihood¼ 78.78 calculated using the PHYLIP CONTML
option (see Materials and methods). The shaded bars indicate the
95% confidence interval for each branch and units are amounts of
expected variance accumulated.
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plants with mixed mating systems (Raijmann et al, 1994;
Routley et al, 1999), but not for others (Burdon et al, 1988;
van Treuren et al, 1993). In Salvia pratensis (van Treuren
et al, 1993) population density, rather than population
size, was inversely related to selfing rate. Variation in
plant density among our N. longispathus populations
might account for a component of the observed variation
in selfing rate, but data required to test this are not
available.
Despite considerable variation in population size and
the local ecological conditions of populations, the range
of selfing estimates was relatively narrow (Figure 2). This
result raises the possibility that N. longispathus possesses
postpollination physiological mechanisms that regulate
mating patterns. Although N. longispathus is self-compa-
tible (Herrera, 1995), it is possible that outcross pollen
tubes grow faster than self-pollen tubes, resulting in
higher frequencies of outcrossing than selfing (Bateman,
1956). Such ‘cryptic self-incompatibility’ may limit
variation in selfing rates and buffer populations against
the uncertain pollination environments that are common
in early spring. Studies of pollen tube growth following
self- and cross-pollination could corroborate this hypoth-
esis.
Our estimates of inbreeding in the progeny of N.
longispathus indicated a significant deficit of hetero-
zygotes. Yet, analysis of the maternal genotypes of
parents indicated that they were largely the products of
outbreeding. This suggests that selfed offspring of
N. longispathus do not survive to reproductive maturity.
The most probable mechanism causing differential
survival of selfed and outcrossed progeny is inbreeding
depression. Indeed, in four of the six populations that we
sampled, estimates of inbreeding depression were close
to one, implying strong selection against selfed progeny.
Estimates of inbreeding depression in several other plant
species with mixed mating systems indicate very low
survival of selfed offspring in comparison with out-
crossed offspring (eg Eckert and Barrett, 1994; Routley
et al, 1999; Dorken et al, 2002). The moderate levels of
selfing we detected in N. longispathus may represent a
cost that occurs, in part, because of the combination of
long-lived flowers and small-scale clonal propagation via
spontaneous bulb splitting. Although the vast majority of
N. longispathus ramets bear single flowers, up to five to
six flowers may remain open simultaneously for up to 2
weeks in small (30–50 cm across) clumps of ramets that
presumably originated from successive bulb splitting
and thus correspond to a single genotype. This may
result in a significant component of selfing arising
through geitonogamous self-pollination.
Since selfed offspring appear to survive rarely in
N. longispathus, it is interesting to consider under what
conditions self-compatibility might serve an adaptive
function, by providing reproductive assurance. Most
other Narcissus species are protected from the genetic
costs associated with selfing through the action of self-
sterility, although like N. longispathus the early-spring
flowering N. dubius is also fully self-compatible (Baker
et al, 2000). It is possible that low survival of selfed
offsping is typical for well-established populations of
N. longispathus (such as those we examined), but under
demographic conditions associated with the founding of
new colonies selfed offspring could have greater oppor-
tunities for survival and reproduction. Self-compatibility
in N. longispathus may have had its historical origins
during the colonization of the Sierra de Cazorla
mountains when small population sizes could have
restricted mating opportunities.
Although analyses of genetic diversity in species with
widespread vs restricted distributions have often re-
vealed reduced variation in rare species (Karron, 1987;
1997; Hamrick and Godt, 1989; Gitzendanner and Soltis,
2000), species classified as rare are by no means a
homogeneous group (Rabinowitz, 1981). Thus, it is not
altogether unexpected that some species with restricted
geographical distributions maintain levels of genetic
diversity comparable to their widespread congeners.
Indeed, in their literature survey of allozyme variation in
congeneric species, Gitzendanner and Soltis (2000) found
that 24–29% of the rare species they examined were as
variable or more variable than their widespread con-
geners. Unfortunately, since population surveys of
allozyme variation have yet to be conducted on other
wild species of Narcissus, it is not possible to compare
our values to those from more widespread species in
section Pseudonarcissus (eg N. asturiensis, N. nobilis, N.
pseudonarcissus). Nevertheless, our results indicate that
there is no evidence that the restricted distribution of
N. longispathus is associated with the severe erosion of
genetic diversity. Habitat stability, low population turn-
over, high outcrossing and selection against selfed
offspring are all likely to favour the maintenance of
genetic variation in population of N. longispathus.
Although there are numerous investigations of
watershed influences on the genetic relationships of
animal populations, particularly fish species (reviewed
in Avise, 1994), few studies of plants have been conducted
(eg Harris et al, 1992; Rogers et al, 1999; Butcher et al,
2002). Ritland (1989) found compelling evidence support-
ing a watershed-driven hierarchy of genetic relationships
in 22 populations of the perennial herb Mimulus
caespitosus. Our analyses of the genetic relationships
among populations of N. longispathus provided some
support for the hypothesis that populations occurring in
the same river valley or watershed were more likely to be
similar than those in different valleys or watersheds
(Figure 3). Given the complex topography of the Sierra de
Cazorla, gene flow is more likely to occur along river
valleys than across the rugged mountainous terrain
between valleys where ecological conditions are generally
not suitable for populations of N. longispathus to occur.
Nevertheless, our sample of N. longispathus populations
was too limited to detect a clear pattern of genetic
relationship and larger samples would be required to
investigate the spatial genetic structure of this species.
Mechanisms of gene flow in N. longispathus are poorly
known. Preliminary estimates of pollen dispersal based
on deposition curves of fluorescent dye particles indicate
that pollen flow is quite local. Exchange between nearby
flower patches only dozens of meters away, and
dispersal distances 450 m along linear populations on
river banks, are exceptional (CM Herrera, unpublished
observations). Downstream seed dispersal by water and,
much less frequently, seeds passing unharmed through
the digestive tract of deer browsing on ripe fruits, seem
the most likely mechanisms of gene dispersal in this
species. Future studies of N. longispathus might usefully
investigate mechanisms of gene flow and genetic
relationships among populations in the Sierra de Cazorla
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mountains and those from other mountain ranges in SE
Spain where populations have also been reported
(Moreno Saiz and Sainz Ollero, 1992).
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